The transcriptional regulation by androgen receptor (AR), stimulated by androgen, is critical for prostate differentiation and development, as well as malignant transformation. Previous studies have extensively shown that AR induces prostate-specific gene expression driving prostatic differentiation during development (Cunha et al. 2004 ) and leading to oncogenic transformation during cancer (Heinlein and Chang 2004; Lamont and Tindall 2011) . The blockage of AR signaling through androgen deprivation has thus been the mainstay treatment of advanced prostate cancer. While almost all metastatic prostate cancers are initially responsive to androgen ablation therapies, in most cases, however, the disease reemerges in a castration-resistant form. Notably, evidence suggests that this castration-resistant prostate cancer (CRPC) remains dependent on the expression and transcriptional activity of AR through hypersensitive AR activation in the milieu of very low androgen (Chen et al. 2004 ). The AR pathway therefore remains a leading therapeutic target in CRPC. Recent genomic studies have begun to reveal AR-regulated genes or pathways that might contribute to CRPC.
With the advent of expression microarrays, a large number of genes were found to be regulated by androgen . Using chromatin immunoprecipitation (ChIP)-based assays, global AR binding events have been gradually mapped first by regionlimited DNA microarrays (Massie et al. 2007 ) and later by genometiling arrays ) and ChIP-seq assays (Jia et al. 2008; Lin et al. 2009; Yu et al. 2010b; Massie et al. 2011) . These studies have provided unprecedented understanding of AR transcriptional regulation at the genome scale. For example, >90% of AR binding events were found at enhancers >10 kb away from the transcription start sites (TSS) of coding genes. AR is able to regulate an anabolic transcriptional network to fuel prostate cancer (Massie et al. 2011) and to induce cell cycle genes specifically in CRPC cells ). While a number of these studies observe androgen-repressed genes, these genes and their functions, however, have been somewhat neglected in the favor of androgen-induced genes. Whether or not they represent direct AR target genes and how their repression contributes to prostate cancer are poorly understood.
Previous studies have shown that androgen-repressed genes may also play important roles in prostate cancer cell growth and metastasis (Prescott et al. 2007) . Their reexpression during androgen ablation therapy is thought to contribute to disease regression, and they may become repressed once again in CRPC. Despite this importance, only a few studies have reported AR inhibition of a handful of genes (Grosse et al. 2011) , a majority of which, however, suggested indirect mechanisms involving inhibition of cofactor proteins with transactivating functions such as SP1 (Verras et al. 2007; Liu et al. 2008; Baniwal et al. 2009; Song et al. 2010) . Few of them, indeed, suggested direct AR binding to DNA, however, often through an altered DNA binding specificity (Lanzino et al. 2010; Qi et al. 2011) . The evidence to support AR as a transcriptional repressor is lacking, and the exact mechanism largely unknown. Systematic analysis of genomic data will be essential to firmly establish AR as a globally acting transcriptional repressor.
In this study, we present evidence that AR directly inhibits a large number of genes by binding to their regulatory elements containing the consensus ARE motifs. Mechanistically, this repression is mediated by the Polycomb group protein EZH2 and subsequently repressive chromatin remodeling. These genes are developmental regulators functionally involved in cell differentia-tion and tumor suppression. Importantly, AR-repressed genes are down-regulated in CRPC cells in an androgen-independent manner. AR-mediated transcriptional repression thus may be an overlooked, yet critical, mechanism to prostate cancer progression and castration resistance.
Results

AR directly suppresses a large number of target genes
To identify genes whose expression levels are regulated by androgen, we performed microarray profiling of the androgendependent LNCaP prostate cancer cells treated with 1 nM synthetic androgen R1881 for 0, 3, 6, 12, 24, and 48 h. The expression of each probe across all time points was normalized to 0 h to yield fold changes. The probes with greater than threefold change (either up or down) in at least two time points and greater than fourfold change in at least one time point were defined as ''androgen-regulated.'' K-mean clustering followed by heatmap view demonstrated three major clusters: probes gradually induced by androgen (n = 944), probes gradually repressed by androgen (n = 939), and a small cluster of probes strongly up-regulated at 12 h but down-regulated at 48 h (n = 193) (Fig. 1A) . We defined the first two clusters as ''androgen-induced'' and ''androgenrepressed,'' corresponding to a unique set of 442 androgen-induced and 428 androgen-repressed RefSeq genes, respectively (Supplemental Table S1 ). Androgen thus appears to be able to repress as many genes as it induces. To ensure this bidirectional regulation, we further examined these genes in previously published timecourse studies of androgen treatment and confirmed their respective differential regulation by androgen (Supplemental Fig. S1A ; Wang et al. 2007a; Massie et al. 2011) . We then selected several top repressed genes and confirmed remarkable (>10-fold) down-regulation by androgen in prostate cancer cells (Fig. 1B) . In addition, this repression occurred within the physiological range of androgen in a dose-dependent manner (Fig.  1C) . To determine whether this androgen repression is mediated by AR, we performed RNA interference of AR in LNCaP cells. We demonstrate substantial reduction of AR and well-known AR-induced genes such as KLK3 (also known as PSA) and TMPRSS2 upon the removal of AR (Fig. 1D) . In contrast, AR knockdown led to remarkable derepression of androgen-repressed genes (Fig. 1E) . Interestingly, we found that AR overexpression significantly suppressed the repressed genes even in the absence of androgen (Supplemental Fig. S1B,C) . In order to conclude that the repressed genes are directly regulated by AR, however, it is important to determine whether AR binds to their respective regulatory regions.
From the expression microarray data, we noticed that a majority of the androgen-induced and -repressed genes start to show corresponding trends of response at 6 h, which become quite apparent at 12 h but do not reach peak response until 24 h after androgen treatment (Fig. 1A) . We thus performed ChIP-seq analysis of AR in hormone-deprived LNCaP cells treated with ethanol or androgen for 16 h to ensure capture of maximum AR binding events (Yu et al. 2010b ). We assigned all AR binding events to the nearest genes. We observed that 340 (77%) androgen-induced and 296 (69%) of androgen-repressed genes contain at least one AR binding event within their regulatory regions. Because these numbers appeared high relative to other similar studies intersecting binding events and expression changes, we selected a set of androgenunregulated genes that were detected in the microarray but showed no differential regulation by androgen. Out of 445 genes that showed <1.2-fold differences across all time points, only 185 (41%) contain at least one AR binding event. Overall, AR binding frequency on the repressed genes was only marginally (P = 0.013, Pearson's x 2 test) lower than the induced genes but was significantly (P = 4.52 3 10 À16 ) higher than the unregulated genes ( Fig. 2A ; Supplemental Fig. S2A ). To ensure that this is not an observation limited to our data set, we analyzed AR binding on genes induced or repressed by androgen in a previously published data set (Wang et al. 2007a) . We found that >65% of the genes induced or repressed by androgen contain one AR binding event, which is again significantly (P < 0.001, Pearson's x 2 test) higher than the unregulated genes (Supplemental Fig. S2B ). We next examined whether our finding holds true in other independent prostate cancer model systems. Taking a similar approach, we identified genes that are up-or down-regulated by androgen in VCaP cells and analyzed AR binding on these genes using AR ChIP-seq data derived from VCaP cells. Our results confirmed that in VCaP cells there is also significantly more AR binding on androgen-induced (P < 2.2 3 10 À16 ) and -repressed genes (P = 9.4 3 10 À7 ) compared with unregulated control genes (Supplemental Fig. S2C ). This strongly indicates that, like androgen-induced genes, a majority of the androgen-repressed genes are also directly targeted by AR.
Next, we investigated the distribution of AR binding sites and found that <5% of the AR binding events, and to a lesser degree (only 2%) for the repressed genes, locate within the promoter regions (between 5 kb upstream and TSS) of target genes (Fig. 2B ). This low number of androgen-repressed genes that contains AR binding sites within the promoters might account for the lack of direct AR-repressed genes reported in the literature. With AR binding events around the repressed genes observed, we next attempted to understand how AR is recruited to the repressed genes. To determine whether any specific DNA motif recruits AR to the target genes, we performed de novo motif search. Our results revealed nearly identical ARE motifs present in the binding sites of both AR-induced and -repressed genes (Fig. 2C) . However, AR binding peaks of the induced genes contain significantly (P < 0.001) more ARE motifs than the repressed ones, which, in turn, harbor significantly (P < 0.02) more than the control regions (Supplemental Fig. S2D ). Consistent with these findings, the induced genes contain more strongly enriched AR binding events than the repressed ones (Supplemental Fig. S2E ). Therefore, ARE motif appears essential in recruiting AR to both the induced and repressed genes, with relatively more AR enrichment on the induced genes. We next attempted to confirm individual candidate AR-repressed genes. ChIP-PCR demonstrated AR binding to repressed genes in prostate cancer tissue. AR ChIP was performed in two human prostate cancer tissues. The input and ChIP DNA were first amplified by ligation-mediated PCR, and then an equal amount (50 ng) of the amplicons was used for PCR analysis of target genes. Enrichment in the ChIP DNA was measured relative to the input DNA. Error bars: n = 3, mean 6 SEM.
Using primers flanking the ChIP-seq AR binding sites (Fig. 2D) , we validated AR occupancy on the regulatory elements of selected AR-repressed genes in prostate cancer cells (Fig. 2E) . To demonstrate the pathological relevance, we analyzed two human prostate cancer tissues and confirmed AR binding on the repressed genes in primary tissues (Fig. 2F ).
AR transcriptional repression is dictated by the Polycomb group protein EZH2
It is intriguing that AR recruitment to some genes turns on expression, while to others it turns off expression. It has been clearly demonstrated that AR is recruited to the induced genes by FOXA1 and active H3K4me1 and H3K4me2 histone modifications (Lupien et al. 2008) . To determine whether the same mechanisms are involved in AR recruitment to the repressed genes, we analyzed ChIP-seq data of AR, FOXA1, H3K4 methylation, and H3 acetylation. Because AR primarily binds enhancer regions, we examined ChIP-seq read density within 50 kb upstream to 5 kb downstream of the TSS of target genes. As previously noted by others (He et al. 2010 ), H3K4me2 and H3 acetylation were found at both enhancers and promoters, while AR, FOXA1, and H3K4me1 predominantly localize at enhancers. Heatmap view of binding densities revealed clear colocalization of AR, FOXA1, H3K4me1, H3K4me2, and H3 acetylation, supporting their collaborative function (Fig. 3A) . However, we found that the ChIP-seq read densities of these open chromatin marks are in general substantially stronger for AR-induced than AR-repressed genes.
To further demonstrate how chromatin remodeling and AR recruitment may be altered by androgen, we compared cofactor binding on representative AR-induced and AR-repressed genes before and after androgen stimulation (Fig. 3B) . We found that both the induced and repressed genes are pre-marked by precursor modifications even in the absence of androgen. However, these precursor modifications are significantly more enriched on the induced genes with P-values of 0.04 and 0.01 for H3K4me1 and H3K4me2, respectively. In contrast, H3 acetylation, a marker of actively transcribed genes, was not significantly (P = 0.11) different, Figure 3 . Pioneering factors FOXA1 and H3K4 mono-and di-methylation colocalize with AR at target loci. (A) ChIP-seq binding density of regions surrounding the TSS (À50 kb to +5 kb) of AR-induced or -repressed genes. AR ChIP-seq was performed in hormone-starved LNCaP cells treated with ethanol (Ethl) and androgen (R1881). All other ChIP-seq was performed in LNCaP cells grown in regular medium. AR-induced and -repressed genes were each sorted by the distance of the highest AR (R1881) binding peak to the TSS of its corresponding genes; the genes with the highest AR binding peak most upstream of its TSS were ranked on top. Genes that do not contain a peak within À50 to 5 kb of its TSS were ranked at the bottom of each. The P-values indicate differences between the read densities of the two groups of genes. (B) QRT-PCR validation of reduced AR coactivating factor binding on the ARregulated genes. ChIP of AR, FOXA1, H3K4me2, H3K4me2, and Acetyl H3 were performed in hormone-starved LNCaP cells treated with ethanol (Ethl) or androgen (R1881) for 16 h. PCR quantification was carried out using primers flanking the promoters of KLK3 and TMPRSS2 (negative control for AR and FOXA1 binding) and the enhancers of all genes. Marks with significant differences between AR-induced and -repressed genes include H3K4me1 (ethl), H3K4me2 (ethl), and H3 acetyl (R1881) with P-values equal to 0.04, 0.01, and 0.009, respectively. Error bars: n = 3, mean 6 SEM.
suggesting that the differences in H3K4me1 and H3K4me2 are unlikely due to the basal expression activities of the AR-induced and AR-repressed genes prior to androgen stimulation. To further confirm this, we analyzed their expression levels in two time-course androgen-treatment studies (Wang et al. 2007a; Massie et al. 2011) . Indeed, we observed no significant differences between basal expression levels of induced and repressed genes before AR activation (Supplemental Fig. S3 ). The expression levels of the induced genes only become significantly higher than the repressed genes after androgen stimulation. Being consistent with the expression status, ChIP-PCR showed that androgen stimulation successfully recruited AR to enhancers of both AR-induced and AR-repressed genes and led to significantly (P = 0.009) stronger H3 acetylation on the induced genes. Collectively, our data suggest that the preexisting H3K4me1/2 modifications are commonly used to pry open the nucleosomes to allow FOXA1 and AR binding. However, AR is much more likely to induce genes strongly marked by active histone modifications. With the mechanism of AR recruitment to the repressed genes essentially worked out, we next attempted to understand how AR suppresses gene expression by focusing on the promoter regions.
We examined the ChIP-seq read densities of Pol II, H3K4me3, H3K27me3, and H3K36me3 (Fig. 4A) . As expected, AR-induced genes are significantly (P < 0.01) enriched for Pol II and H3K4me3 around the TSS and H3K36me3 on the transcribed regions. Intriguingly, H3K27me3 ChIP-seq read density is significantly (P = 0.004) more enriched around AR-repressed genes ( Fig. 4A ; Supplemental Fig. S4A ). Similarly, a higher level of H3K27me3 around AR-repressed genes was also observed in VCaP cells (Supplemental Fig. S4B ). By ChIP-PCR, we confirmed stronger enrichment of Figure 4 . AR-mediated transcriptional repression is dictated by Polycomb group protein EZH2. (A) ChIP-seq binding density of regions surrounding the TSS (65 kb except À5 to 50 kb for H3k36me3) of AR-induced or -repressed genes. Genes were sorted as in Figure 3A except that those not containing a binding peak are not shown. The P-values indicate significant differences between the binding densities of AR-induced and -repressed genes. (B) Quantitative ChIP-PCR validating AR cofactor binding on AR-regulated genes. ChIP-PCR was performed as described in Figure 3B . Marks with at least marginally significant differences between AR-induced and -repressed genes include Pol II (R1881), H3K27me3 (Ethl), and H3K27me3 (R1881) with Pvalues equal to 0.05, 0.09, and 0.05, respectively. Error bars: n = 3, mean 6 SEM. (C ) EZH2 knockdown derepresses AR-repressed genes. LNCaP cells were subjected to RNA interference of EZH2 or a non-targeting control. Differential expression of EZH2 and AR-repressed genes was monitored by qRT-PCR. (Inset) Western blot confirming EZH2 knockdown at the protein level. Error bars: n = 3, mean 6 SEM. (D) GSEA showing enrichment of AR-repressed genes in the genes up-regulated by EZH2 knockdown. LNCaP cells were treated with siEZH2 and subjected to expression profiling. The genes differentially regulated by siEZH2 were rank ordered and the enrichment of AR-repressed genes assessed.
H3K4me3 and Pol II on the induced gene promoters (Fig. 4B) . In contrast, H3K27me3 is significantly (P = 0.05) more enriched on the repressed genes, especially after AR activation, supporting repressive chromatin remodeling for gene repression. Because H3K27me3 is enzymatically catalyzed by the Polycomb group protein EZH2, we asked whether EZH2 is involved in AR-mediated gene repression. We carried out ChIP using an anti-EZH2 antibody. Our results demonstrated that EZH2 occupancy on the AR-repressed genes is significantly (P < 0.03) increased following AR activation (Supplemental Fig. S4C ).
To further examine whether EZH2 is required for AR-mediated transcriptional repression, we performed RNA interference to knock down EZH2 in LNCaP cells (Fig. 4C) . Importantly, following EZH2 knockdown, three out of the four repressed genes tested were markedly derepressed (Fig. 4C) . The gene that failed to respond may be regulated by additional repressive mechanisms such as promoter hypermethylation. To confirm the role of EZH2 on a global scale, we performed microarray profiling of these LNCaP cells treated with control and EZH2 siRNA. We identified a cohort of genes that are differentially expressed upon EZH2 knockdown (Supplemental Table S2 ). Gene Set Enrichment Analysis (GSEA) demonstrated highly significant (FDR = 0.003) up-regulation of AR-repressed genes upon EZH2 knockdown (Fig. 4D) . Furthermore, HDAC inhibitor SAHA, which is known to reduce EZH2-mediated H3K27me3 (Yu et al. 2007a ), derepressed AR-repressed genes alone or in synergy with AR knockdown (Supplemental Fig.  S5A ). We then asked whether the derepression of AR-repressed genes is due to the loss of EZH2. We established LNCaP cells with stable EZH2 knockdown using shRNA technology (Supplemental Fig. S5B ). Using ChIP followed by PCR, we first verified significant enrichment of H3K27me3 (P < 0.03) and EZH2 (P < 0.02) on the AR-repressed gene promoters (Supplemental Fig. S5C ). We then compared the levels of H3K27me3 and EZH2 in the control cells and the cells with EZH2 knockdown. Our results showed marked reduction of both EZH2 occupancy (P < 0.02) and H3K27me3 modification (P < 0.04) on the AR-repressed genes upon EZH2 knockdown (Supplemental Fig. S5D,E) . Therefore, Polycomb group protein EZH2 appears to collaborate with AR on target gene repression. We next examined whether this regulation is functionally relevant.
AR-repressed genes are developmental regulators suppressed by Polycomb in embryonic stem (ES) cells
We sought to determine the potential function of the AR-repressed genes by using Molecular Concept Map (MCM) analysis of enrichment by predefined molecular concepts/gene sets in the Oncomine database (http://www.oncomine.com). Out of ;20,000 molecular concepts, only 445 (2%) showed significant (P < 0.001) overlap with AR-repressed genes (Supplemental Table S3 ). As expected, our AR-repressed genes are also found repressed by androgen stimulation in other in vitro and in vivo studies (Fig.  5A ). In addition, many of these genes are down-regulated in aggressive subtypes of a variety of cancers including prostate, breast, and melanoma, suggesting that they may be general tumor-suppressor genes. Importantly, there are significant overlaps between AR-repressed genes and molecular concepts/gene sets relating to Polycomb group (PcG) proteins, such as genes occupied by EZH2, EED, SUZ12, and H3K27me3 in stem cells and genes suppressed in ES cells relative to their differentiated counterparts. Furthermore, MCM analysis showed enrichment of transcription factors such as LEF1, MEIS1, and MEF2 that are involved in development and differentiation. In contrast, AR-induced genes are enriched for prostate-specific gene sets and have no clear correlation with stem cell signatures. These findings pertaining to AR-repressed genes prompted us to further determine whether they may be developmental regulators whose repression maintains undifferentiation in ES cells but contributes to dedifferentiation in cancer.
Characteristic features of developmental regulators in ES cells include PcG protein occupancy and bivalent H3K4me3 and H3K27me3 histone modifications (Lee et al. 2006) . We thus obtained a relevant ChIP-seq data set performed in ES cells (Ku et al. 2008 ) and examined Polycomb occupancy on the promoters of AR-repressed, AR-induced, and AR-unregulated genes. Not surprisingly, the unregulated genes showed no enriched occupancy by PcG proteins EZH2 and Ring1 (Fig. 5B) . Rather, they are strongly occupied by H3K4me3 at the promoters and H3K36me3 at the transcribed regions, supporting their being widely expressed housekeeping genes. Interestingly, some of the AR-induced genes are occupied by PcG and contain bivalent histone modifications, being consistent with their roles in mediating prostatic differentiation. Surprisingly, AR-repressed genes demonstrated the strongest enrichment of PcG occupancy (P < 0.001, linear mixed effect model) and bivalent H3K4me3 and H3K27me3 (P < 0.001) modifications. Therefore, AR-repressed genes appear to be developmental regulators whose expression must be turned off in ES cells to maintain the undifferentiated, pluripotent state. In other words, the expression of these genes in ES cells may lead to cell differentiation, and their loss in differentiated cells is likely to cause dedifferentiation, a hallmark of cancer.
AR-repressed genes remain down-regulated in castrationresistant prostate cancer (CRPC) in the milieu of low androgen
Since AR remains indispensable for CRPC growth, presumably through regulation of target genes, we next sought to dissect out whether AR-repressed or AR-induced genes or both are accountable for growth of LNCaP-abl, an androgen-independent derivative of LNCaP cells. We hypothesized that if the repressed genes are responsible for CRPC growth, they should be repressed in LNCaP-abl without the need of androgen and vice versa for AR-induced genes. We thus compared the expression of these genes between LNCaP and LNCaP-abl cells, which are regularly maintained in androgendepleted medium. Notably, the repressed genes were expressed in LNCaP-abl at a level similar to LNCaP in the presence of androgen, suggesting their androgen-independent down-regulation in CRPC cells (Fig. 6A ). Since AR-repressed genes are likely tumor suppressor genes, their loss may contribute to CRPC cell growth. In contrast, AR-induced genes were barely up-regulated in LNCaP-abl due to the lack of androgen and thus are unlikely to be accountable for androgen-independent LNCaP-abl cell growth (Fig. 6B) . However, AR-induced genes may be important for other androgenindependent cells as CRPC is a highly heterogeneous disease. Our data suggest that down-regulation of AR-repressed genes may provide new mechanisms for androgen-independent growth of CRPC cells.
Since AR repression in androgen-responsive cells is facilitated by EZH2, which is often up-regulated in castration-resistant prostate cancer, we next investigated whether the down-regulation of AR-repressed genes in CRPC is due to increased EZH2 regulation. We thus compared the level of Polycomb occupancy on AR-repressed genes between LNCaP-abl and LNCaP cells in the presence and absence of androgen. Concordant with our earlier data, we showed that androgen stimulation of LNCaP cells increases H3K27me3 on the repressed genes (Fig. 6C) . Remarkably, the level of H3K27me3 modification is significantly stronger in LNCaP-abl compared with LNCaP cells grown in the same androgen-depleted environment. In fact, H3K27me3 level on some genes is even markedly higher than stimulated LNCaP cells. These genes tend to be among the best down-regulated in LNCaP-abl. Our data thus suggest that ARrepressed genes are silenced in CRPC cells in an androgen-independent manner. To confirm this observation on a global scale, we performed microarray analysis of basal gene expression in LNCaP and LNCaP-abl cells in the absence of androgen. GSEA analysis indeed revealed that, while AR-induced genes showed no differential expression, AR-repressed genes are significantly down-regulated in LNCaP-abl cells compared with LNCaP (Fig. 6D) .
Discussion
This is the first study to investigate the regulation and function of AR as a transcriptional repressor on the global scale. For decades, AR has been primarily considered as a transcriptional activator that induces prostate-specific gene expression. Although androgen stimulation has been shown to also repress genes, these genes are presumed to be indirectly regulated by AR. Little is known about the overall function of AR-repressed genes in prostate cancer. Taking a systems approach, this study establishes AR as a globally acting transcriptional repressor targeting as many genes as it induces. The pioneering factors and ARE motifs used by the AR-induced genes are also involved in recruiting AR to the repressed genes. Once bound to target loci, the repressive function of AR, however, is dictated, at least in part, by the Polycomb group protein EZH2 and consequent H3K27 trimethylation. EZH2 knockdown sufficiently derepresses AR-repressed genes. Furthermore, we provide evidence that, being concordant with the central role of EZH2 in ES cell maintenance, AR-repressed genes are essentially developmental regulators whose expression would otherwise lead to cell differentiation. Our results thus reveal an unexpected role of AR in suppressing cell differentiation (toward non-prostatic lineages). Therefore, AR, previously known as a lineage-specific transcription factor, may play dual roles; it promotes prostatic differentiation via inducing some genes, while simultaneously inhibiting non-prostatic differentiation by suppressing other developmental regulators.
This newly characterized role of AR may be important for normal prostate development and function, as well as malignant transformation. During development, while AR induces prostatespecific gene expression, its suppression of developmental regulators of other lineages is equally important to ensure concomitant silencing of non-prostatic pathways. In mature prostate cells, this newly characterized function of AR may work in concert with the AR-induced genes in stabilizing the prostatic cell type by suppressing potential trans-differentiation. During prostate tumorigenesis, Figure 5 . AR-repressed genes are developmental regulators involved in cell differentiation. (A) Network view of the molecular concepts enriched for ARrepressed genes (purple node with black ring). Each node represents a molecular concept or a gene set, with node size proportional to the number of genes within each concept. Each edge represents a statistically significant (P < 1 3 10 À4 ) (Supplemental Table S3 ) overlap of genes in the two linked nodes. Enrichments with ''androgen signaling'' (light blue edges and nodes); enrichments with ''developmental signatures'' (dark blue); enrichments with ''Polycomb repression signatures'' (red); and enrichments with ''repressed genes in aggressive tumors'' (green). (B) ChIP-seq read density of regions surrounding the TSS (À5 to 50 kb for H3K36me3 and 65 kb for others) of AR-induced or -repressed genes. ChIP-seq data in ES cells were obtained from GSE13084.
just like too many AR-induced genes causing aberrant proliferation upon excessive androgen signaling, AR-repressed genes may become overly inhibited rendering cancerous dedifferentiation and/or maldifferentiation. It is, however, important to note that individual genes may have very different, even opposing, functions depending on the disease stage and cellular context. For example, AR-repressed genes that mediate cell differentiation toward certain lineages such as the neuroendocrine phenotype, which has been associated with poor outcome in prostate cancer, may function as oncogenes instead of tumor suppressors. The complexity of prostate cancer biology is further increased by hormone deprivation therapies, which is known to induce neuroendocrine differentiation.
AR remains required and sufficient to drive CRPC cell growth (Chen et al. 2004) . Numerous studies have attempted to understand the molecular mechanisms involved. Most of the findings relate to AR-induced genes/pathways. For example, a recent study reported that, in LNCaP-abl cells, AR acquires new target genes involved in the cell cycle to mediate androgen-independent cell growth ). Our study demonstrates that AR repression of target genes can also contribute to prostate cancer progression through cell dedifferentiation and destabilization. ARrepressed genes remain repressed in LNCaP-abl cells independent of androgen, thus indicating clinical significance of targeting this repressive pathway in a subtype of CRPC tumors.
In this study, we also provide evidence that EZH2 cooperates with AR in gene repression. Because EZH2 is overexpressed in a majority of aggressive or metastatic prostate cancers, it may continuously suppress AR target genes in an androgen-depleted environment. Our study thus advocates the importance of simultaneously targeting EZH2 as an adjuvant therapy to hormone deprivation in advanced diseases. Interestingly, a recent study has shown that HDAC, a cofactor of EZH2, is also required for AR-induced gene expression (Welsbie et al. 2009 ). Therefore, inhibitors of HDAC and/or EZH2 may be effective in suppressing both AR-mediated transcriptional activation and repression and thus warrant further investigation. In addition, the levels of key AR-repressed genes may serve as additional biomarkers of prostate cancer and drug efficacy, especially in the cases in which KLK3 failed to respond. Taken together, our study provides innovative revenues for prostate cancer research and may transform the way we perceive and treat prostate cancer.
Methods
Cell lines and treatments
The prostate cancer cell lines LNCaP were obtained from ATCC and grown in RPMI supplemented with 10% FBS (Invitrogen). LNCaP-abl cells were kindly provided by Dr. Qianben Wang (OSU) and were grown in phenol-free RPMI (Invitrogen) supplemented with 10% charcoal-stripped FCS (Invitrogen). For androgen treatment, cells were hormone-starved for 3 d before being treated with 1 nM R1881 for 48 h (for expression assay) or 10 nM R1881 for 16 h (for ChIP). For RNA interference assays, cells were treated with non-targeting siRNA (D-00110-01, Dharmacon), or siRNAs specific to EZH2 (P-002079-01, Dharmacon) or AR (L-003400, Dharmacon). AR overexpression constructs were a gift from Dr. Stephen Plymate (University of Washington). All transfections were performed using Lipofectamine 2000 (Invitrogen).
ChIP and ChIP-seq assays
ChIP and ChIP-seq were performed as previously described (Yu et al. 2007a (Yu et al. , 2010b . The data set is available at the GEO database as GSE14092. The ChIP antibodies used include AR (#06-680, Millipore), EZH2 (#17-662, Millipore), H3K4me3 (ab8580, Abcam), H3K27me3 (#07-449, Millipore), H3K4me2 (ab7766, Abcam), H3K36me3 (ab9050, Abcam), Acetyl-H3 (ab10812, Abcam), FOXA1 (ab23738, Abcam), SUZ12 (ab12073, Abcam), and RNA Pol II (ab817, Abcam).
ChIP-seq data analysis
ChIP-seq data were analyzed using HPeak (Qin et al. 2010 ) to generate window counts and visualized using TreeView. The ChIPseq data set in embryonic stem cells were downloaded from GEO (GSE13084) (Ku et al. 2008) . MCM analysis was performed using a query gene list to search for all concepts available in the Oncomine database as previously described (Yu et al. 2007b) . Concepts with significant enrichment by the query concept were exported into a supplemental table. Representative concepts were selectively shown as a network in a figure.
The de novo motif search was performed using MDscan (Liu et al. 2002) . AR binding sites associated with AR-induced and GSEA showing enrichment of AR-repressed genes with genes down-regulated in LNCaP-abl compared with LNCaP. Gene expression in LNCaP and LNCaP-abl under an androgen-depleted environment was determined. Differentially expressed genes were ranked from up-regulated in LNCaP-abl to downregulated in LNCaP-abl relative to LNCaP.
